1. Introduction {#s0005}
===============

Numerous studies have demonstrated a close functional and developmental relationship exists between bone and muscle mass ([@bb0035], [@bb0080], [@bb0030]). While the long standing view is that this relationship is primarily mechanical in nature, recent work has demonstrated an endocrine relationship. Indeed, many muscle specific cytokines, collectively coined "myokines", produced by skeletal muscle can influence bone cells development and function ([@bb0060], [@bb0020], [@bb0085], [@bb0075]). Although there is a substantive body of evidence suggesting that muscle can influence bone, the ability of bone to influence muscle remains unclear.

Osteocytes are connected to the vascular system and they secrete molecules known to influence distal tissues and organs ([@bb0130]). Indeed, osteocyte secreted FGF23 has shown to play a vital function in phosphate metabolism in the kidney ([@bb0120]) and recently, sclerostin, an osteocyte-specific secreted factor, has been shown to influence not only bone, but also adipose tissue ([@bb0040]). Interestingly, it has also been demonstrated that deletion of gap junction protein connexin 43 in osteoblasts and osteocytes leads to impaired muscle formation in vivo ([@bb0135]). Collectively, these findings suggest that bone specific osteokines may pass outside the bone matrix and play a role in muscle formation, kidney function and fat metabolism. To date limited work has assessed the potential for osteocytes to modulate skeletal muscle differentiation and function. [@bb0110] identified that conditioned media from MLO-Y4 osteocyte like cells induced acceleration of myogenesis of C2C12 myoblasts. The same group reported enhanced myogenic differentiation following Wnt3a treatment (a key factor released by osteocytes) suggesting that Wnt3a plays a role in the regulation of myoblast differentiation ([@bb0125]).

Given that bone has the potential to secrete factors that influence muscle and that limited work has been conducted in this area, this study aimed to elucidate osteocytes influence on muscle. We used C2C12 myoblast cell line, a well-established and well-accepted cell model for myogenic differentiation ([@bb0150], [@bb0010]). In addition, in contrast to previous studies, we investigated whether conditioned media from a novel 3-dimensional (3D) osteocyte cell culture system, under both static and fluid flow conditions, could modulate skeletal muscle cell differentiation. Here we report that osteocyte secrete factors capable of inhibiting myogenesis, with a specific affinity for late differentiation. Furthermore we have also identified numerous signalling cytokines present in the osteocyte secretome, which may begin to explain how osteocytes inhibit myogenesis.

2. Materials and methods {#s0010}
========================

2.1. Materials {#s0015}
--------------

Phosphate buffered saline (PBS, Cat. No. 17-512F), Dulbecco\'s Modified Eagle Medium High Glucose (DMEM, Cat. No. 12-604F), Alpha modification of Eagle\'s medium (αMEM, Cat. No. 12-169F), and Penicillin-Streptomycin Mixture (Cat. No. 17-602E) were obtained from Lonza (Mount Waverly, Australia). Fetal Bovine Serum and Horse Serum were obtained from Bovogen (Keilor East, Australia). Trizol Reagent and TrypLE Express were purchased from Life Technologies (Thermo Fisher Scientific, MA, USA). IScript™ Reverse Transcription Super mix for RT-qPCR and iTaq™ Universal SYBR® Green Super mix were purchased from Bio-Rad (Gladesville, Australia). The Proteome Profiler Mouse Cytokine Array Kit, Panel A was purchased from R &D Systems (Abingdon, UK). qRT-PCR primers purchased from Integrated DNA Technologies (Baulkham Hills, Australia).

2.2. Cell cultures {#s0020}
------------------

Ocy454 murine osteocytic cells were grown in proliferation media containing high glucose DMEM supplemented with 10% fetal bovine serum (FBS) as previously described ([@bb0140]). Briefly, for three dimensional cell cultures, 1.6 × 10^6^ Ocy454 cells were plated on a 200 μm polystyrene Alvetex (Reinnervate) well insert scaffolds. Cells were allowed to grow at the permissive temperature (33 °C) for 2 days prior to transferring to (37 °C) for differentiation. For the generation of "static" osteocyte conditioned media (CM), cells were differentiated for 14 days and media collected on day 15 following a media change on day 14.

For collection of "flow activated" conditioned media (Flow-CM) cells were differentiated for 14 days prior to transferring to the Reinnervate Perfusion Plate. The perfusion plates were attached to a Masterflex Peristaltic Pump (\#7520-57) with a Masterflex Standard Pump Head (\#7014-20) and were exposed to 2 dynes/cm^2^ (0.2 Pa, frequency of 1.2 Hz with a shear rate of 278γ) for 24 h prior to medium collection. Prior to use the produced CM was centrifuged at 500 g for 5 min at 4 °C to remove cells and cellular debris.

C2C12 murine multi-potent cells were cultured in Proliferation media; DMEM/High Glucose + 10% Fetal Bovine Serum (FBS) & 1% Penicillin/Streptomycin and were maintained at 40--70% cell density. Under these conditions, myoblasts proliferate, but do not differentiate into myofibers.

For differentiation studies, undifferentiated C2C12 cells were plated in a 6 well plate at a density of 4.5 × 10^5^ cells per well to a final volume of 1 ml and allowed to settle for 24 h. Undifferentiated C2C12 cells were then cultured in "static" or "flow activated" osteocyte conditioned media or relevant unconditioned media "vehicle". The following concentrations of osteocyte CM were tested, 10%, 50%, and 100% comprising the appropriate ratio of conditioned and differentiation media. Additionally, for all assays, the appropriate unconditioned media (vehicle, 10% FBS) was used as a negative control (Supplementary Fig. 2). RNA was collected after 1, 3, or 6 days following the commencement of differentiation with a media change every 2 days.

2.3. Real-time PCR (qPCR) {#s0025}
-------------------------

RNA was extracted from C2C12 cells lysed in Trizol (Invitrogen, Australia), and cDNA was prepared using random hexamers (Promega, Australia) and Superscript III (Invitrogen, Australia) according to the manufacturer\'s protocol. Real-time RT-PCR was performed using the StratageneMX3000P (Agilent Technologies) as previously described ([@bb0050], [@bb0055]). Primers designed using Primer-BLAST are listed in [Table 1](#t0005){ref-type="table"}. Primer sets were obtained from Integrated DNA Technologies (Coraville, IA). Post-run samples were analysed using Stratagene MxPro software and are expressed as linear ΔCT values normalized to Hypoxanthine Phosphoribosyltransferase 1 (HPRT1). The level of housekeeping gene did not vary significantly between treatment groups.Table 1Primer sequences for qPCR analysis.Table 1PrimerForward sequence (5′ to 3′)Reverse sequence (5′ to 3′)MyoD1TACGACACCGCCTACTACAGTGGTGGTGCATCTGCCAAAAGMrf4TGCTAAGGAAGGAGGAGCAACCTGCTGGGTGAAGAATGTTMyH1CTTCAACCACCACATGTTCGAGGTTTGGGCTTTTGGAAGTMyf5CTGTCTGGTCCCGAAAGAACTGGAGAGAGGGAAGCTGTGTMyogeninGCAATGCACTGGAGTTCGACGATGGACGTAAGGGAGTGHPRT1TGATTAGCGATGATGAACCAGAGAGGGCCACAATGTGATG

2.4. Myofiber number and length {#s0030}
-------------------------------

The number and length of myofibers were quantified using light microscopy. Briefly, C2C12 cells were plated in a 6 well plate at a density of 4.5 × 10^5^ cells per well to a final volume of 1 ml. Cells were then treated with different osteocyte CM. At 1, 3 and 6 days images were taken on an Olympus FV1000 live cell imager with an IX81 microscope (Olympus, Pennsylvania, USA) under 10 × magnification. Images were obtained at 16 bit and analysed using ImageJ software (NIH).

2.5. Cytokine array {#s0035}
-------------------

Osteocyte CM from Ocy454 grown for 14 days (static or fluid flow activated) (n = 3 biological replicates) was analysed for cytokine presence using mouse cytokine array panel A (R&D Systems), as per the manufacturer\'s instructions. 1 ml of each medium sample was thawed on ice prior to kit incubation, wash, and detection.

Quantification of cytokine array spot density for the Mouse Cytokine Array Panel A was performed using NIH ImageJ and normalized to positive controls in each membrane as per manufacturer instructions.

2.6. Statistics {#s0040}
---------------

All experiments were performed a minimum of 3 times, using independent preparations of conditioned medium (n = 3 biological replicates). Data were analysed for statistical significance by Student\'s unpaired *t*-test or ANOVA as indicated in figure legends followed by Dunnett\'s multiple comparisons test, using Prism 6.0 (GraphPad). For all graphs, bars represent the mean/group and error bars indicate standard error of the mean (SEM).

3. Results {#s0045}
==========

3.1. Osteocyte conditioned media inhibits myogenic differentiation of C2C12 myoblasts {#s0050}
-------------------------------------------------------------------------------------

To investigate the effect of secreted factor(s) from Ocy454 cells, C2C12 were incubated with 100% osteocyte CM (static and flow activated) from 3D cell cultures. This percent CM was determined by dose response experiments up to 100% CM (Supplementary Fig. 1). 10% CM had no significant effect, apart from *MyoD*, on myogenic gene expression. 50% and 100% CM had a more robust response and as no significant differences were observed between 50% and 100% CM groups, all subsequent experiments were performed with 100% CM compared to C2C12 cultured in fresh unconditioned Ocy454 media (vehicle). Cell viability was no affected by the increasing concentrations of CM (data not shown).

Treatment with static CM had no effect on myofiber number or length following on day 1 (D1) of treatment (data not shown). However, by day 3 (D3) of differentiation there was a significant reduction in the number of myofibers formed compared to vehicle (95.67 ± 6.7 vs 27.33 ± 2.0 myofibers/well) which was also observed on day 6 (D6) of differentiation (220.3 ± 12.1 vs 84.67 ± 8.4 myofibers/well) ([Fig. 1](#f0005){ref-type="fig"}, [Fig. 2](#f0010){ref-type="fig"}). Myofiber length, unaffected on D1 and D3, was significantly reduced on D6 following treatment with static osteocyte CM compared with vehicle (333.8 ± 4.3 μm vs 265.5 ± 5.6 μm, [Fig. 2](#f0010){ref-type="fig"}D).Fig. 1Effect of treatment with conditioned media, collected from differentiated Ocy454 cells (static and flow activated (2 dynes/cm^2^ for 24 h)), on C2C12 differentiation. Representative images of C2C12 vehicle (unconditioned media (10%FBS)) treated cells at A) Day 1, D) Day 3, and G) Day 6. C2C12 cells treated with Static CM B) Day 1, E) Day 3, and H) Day 6. C2C12 cells treated with fluid flow activated CM C) Day 1, F) Day 3, and I) Day 6. N = 3. Scale bars represent 100 μm.Fig. 1Fig. 2Effect of treatment with conditioned media, collected from differentiated Ocy454 cells (static and flow activated (2 dynes/cm^2^ for 24 h)), on C2C12 myofiber number and length. A) C2C12 myofiber number following treatment with OCY454 CM for 3 days and C) 6 days. B) C2C12 myofiber length following treatment with OCY454 CM for 3 days and D) 6 days. Data is Mean ± SEM. N = 3. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001 vs Vehicle. ^\#^p \< 0.05 v Static. Data were analysed for statistical significance by ANOVA.Fig. 2

Treatment with Flow-CM also resulted in a significant reduction in the number of myofibers formed at D3 compared to vehicle (95.67 ± 6.7 vs 44.33 ± 4.2 myofibers/well) and D6 (220.3 ± 12.1 vs 57.00 ± 9.0 myofibers/well) [Fig. 1](#f0005){ref-type="fig"}, [Fig. 2](#f0010){ref-type="fig"}A & C). Myofiber length was unaffected on D1 of treatment, however in contrast to treatment with static CM, was significantly reduced on D3 (272.6 8 ± 4.7 μm vs 230.6 ± 7.2 μm, [Fig. 2](#f0010){ref-type="fig"}B) and also D6 of treatment with Flow- CM compared with vehicle (333.8 ± 4.3 μm vs 225.9 ± 6.2 μm, [Fig. 2](#f0010){ref-type="fig"}D).

3.2. Change of gene expression profile after osteocyte conditioned media treatment {#s0055}
----------------------------------------------------------------------------------

To explore the mechanism behind the effects of osteocyte CM, the expression of key myogenic regulatory factors (MRFs) was measured. MRFs are the master regulators of skeletal myogenesis controlling the commitment of myogenic precursor cells and the terminal differentiation of myoblasts. Classically, Myf5 and MyoD are considered to be the early or commitment MRFs, while myogenin and MRF4 are considered to be differentiation MRFs. Furthermore, MyH1 a marker of the contractile apparatus that serves as a late marker of myogenic differentiation was also measured.

Treatment with static CM resulted in a significant reduction in *Myf5* mRNA expression levels at D1 (65%, p = 0.012) and D6 (27%, p = 0.0009) of differentiation compared to vehicle. These reduction were also observed with treatment with Flow-CM at both D1 (44%, p = 0.0254) and D6 (33%, p = 0.0159) compared to vehicle ([Fig. 3](#f0015){ref-type="fig"}A). Expression of *MyoD* was also observed to be significantly reduced at D6 with static (60%, p = 0.0088) and Flow-CM (61%, p = 0.0159) compared to vehicle ([Fig. 3](#f0015){ref-type="fig"}B).Fig. 3Effect of treatment with conditioned media, collected from differentiated Ocy454 cells (static and flow activated (2 dynes/cm^2^ for 24 h)), on C2C12 myoblasts gene expression collected 1, 3, and 6 days after treatment. A) *Myf5*, B) *Myod*, C) *Mrf4*, D) *Myogenin*, and E) *Myh1* gene expression. Static (■), Flow-CM (![](fx1.gif)) and unconditioned media (10%FBS) (vehicle, ![](fx2.gif)). Data are mean levels of the gene of interest relative to HPRT1 ± SEM (N = 3). \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001 vs Vehicle. ^\#^p \< 0.05, ^\#\#^p \< 0.01, vs static conditioned media. Data were analysed for statistical significance by ANOVA.Fig. 3

Treatment with static osteocyte CM resulted in a significant decrease (70%, p \< 0.0001) in *Myogenin* gene expression following one day of treatment compared to vehicle. This reduction was also seen at D1 following treatment with Flow-CM (66%, p = 0.009) and was also significantly reduced on D6 of treatment (62%, p = 0.0149) compared vehicle ([Fig. 3](#f0015){ref-type="fig"}C). Expression of *Mrf4* was increased following treatment with static CM at D1 (263%, p = 0.002) and D3 (134%, p = 0.01) of differentiation compared to vehicle. In contrast, treatment with Flow-CM resulted in a significant reduction in *Mrf4* expression at D6 (52%, p = 0.0437) compared to vehicle ([Fig. 3](#f0015){ref-type="fig"}D).

*Myh1* expression was significantly reduced (75%, p = 0.004) at D6 following treatment with static CM (p = 0.004) compared to vehicle. This reduction was also observed at D6 in cultures treated with Flow-CM (88%, p = 0.002) ([Fig. 3](#f0015){ref-type="fig"}E).

3.3. Comparison between the effects of static and flow activated conditioned media on C2C12 differentiation {#s0060}
-----------------------------------------------------------------------------------------------------------

Treatment of C2C12 myoblasts with static and flow conditioned media resulted in an overall inhibition of skeletal muscle differentiation. However, activation of osteocytes, via pulsatile fluid flow, resulted in a profile of greater inhibition of skeletal muscle differentiation. Flow-CM resulted in the abolition of the increase in *Mrf4* seen after D1 and D3 of treatment with static CM, reaching significance at D3 (p = 0.0326, [Fig. 3](#f0015){ref-type="fig"}D). Furthermore, treatment with flow activated CM resulted in a significant reduction of *MyH1* gene expression at D3 (p = 0.0011) compared to treatment with static osteocyte CM ([Fig. 3](#f0015){ref-type="fig"}E). Finally, myofiber length was significantly reduced following 6 days of treatment (265.5 ± 5.6 μm vs 225.9 ± 6.2 μm, [Fig. 2](#f0010){ref-type="fig"}D).

3.4. Identification of distinct cytokine profiles in static and flow activated conditioned media {#s0065}
------------------------------------------------------------------------------------------------

In order to identify potential factor(s) present in both static and flow CM, and to determine if each CM had a distinct secretory profile, a cytokine array was performed on CM collected from both experimental conditions. When overlaid with the cytokine array coordinates, the array revealed that in comparison to unconditioned media the chemokines MCP-1 and CXCL1 were the most abundant proteins in the static CM, followed by TIMP-1, CCL5, CXCL10, and M-CSF ([Fig. 4](#f0020){ref-type="fig"}A). Further exposure of the film (3 min) revealed static osteocytes released an abundant variety of cytokines ([Fig. 4](#f0020){ref-type="fig"}).Fig. 4Comparison of the effects of flow activation (2 dynes/cm^2^ for 24 h) on cytokine production versus static osteocyte CM (A) 30 s exposure (B) 3 min exposure. Data is Mean ± SEM. N = 3. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001 vs Static CM.Fig. 4

Cytokine analysis of flow-CM revealed that CXCL1 and CCL5 were the most abundant chemokines compared to unconditioned media followed by MCP-1, CXCL1, TIMP-1, and IL-6 ([Fig. 4](#f0020){ref-type="fig"}A). As seen with the static CM, further exposure of the film revealed an abundant variety of cytokines produced by flow activated osteocytes ([Fig. 4](#f0020){ref-type="fig"}B).

Of particular interest was that we observed distinct differences between the cytokine profile of flow-CM compared to static-CM ([Table 2](#t0010){ref-type="table"}). We observed significant increases in the production of IL-6 (13.42 fold, p = 0.0007), CXCL2 (14.57 fold, p = 0.0003), IP-10 (p = 0.0286), KC (p = 0.0018), and RANTES (p = 0.0025) in flow-CM compared to static-CM ([Fig. 4](#f0020){ref-type="fig"}A, [Table 2](#t0010){ref-type="table"}). We also observed significant decreases in BLC (p = 0.0045), C5a (p = 0.0019), Eotaxin (p = 0.0023), siCAM-1 (p = 0.0224), IFN-γ (p = 0.0056), IL-1α (p \< 0.0001), IL-1β (p = 0.0017), IL-3 (p = 0.019), Il-4 (p = 0.0056), IL-7 (p = 0.0105), IL-10 (p = 0.0046), IL-13 (p = 0.0141), MIG (p = 0.0437), MIP-1a (p = 0.0063), TIMP-1 (p = 0.0184) and TREM-1 (p = 0.0464) compared to static-CM ([Fig. 4](#f0020){ref-type="fig"}A & B, [Table 2](#t0010){ref-type="table"}). Altogether these data demonstrated that osteocytes secrete numerous cytokines capable of directly affect muscle cells differentiation and functions.Table 2Differential cytokine and chemokine expression in flow activated osteocyte conditioned media compared to static conditioned media.Table 2CytokineAlternate nameChangep-ValueFold changeBLCCXCL13/BCA-1![](t1.gif)0.0045− 2.49C5/C5aComplement Component 5a![](t1.gif)0.0019− 1.79G-CSF--![](t2.gif)0.37071.04GM-CSF--![](t2.gif)0.24241.15I-309CCL1/TCA-3![](t2.gif)0.06961.16EotaxinCCL11![](t1.gif)0.0023− 2.75sICAM-1CD54![](t3.gif)0.0224− 2.41IFN-γ--![](t1.gif)0.0056− 2.53IL-1αIL-1F1![](t4.gif)\< 0.0001− 2.26IL-1βIL-1F2![](t1.gif)0.0017− 3.05IL-1raIL-1F3![](t2.gif)0.37571.23IL-2--![](t2.gif)0.1331− 1.59IL-3--![](t3.gif)0.019− 1.63IL-4--![](t1.gif)0.0056− 1.80IL-5--![](t2.gif)0.847− 1.01IL-6--![](t5.gif)0.000713.42IL-7--![](t3.gif)0.0105− 2.05IL-10--![](t1.gif)0.0046− 3.11IL-13--![](t3.gif)0.0141− 2.48IL-12 p70--![](t2.gif)0.0803− 2.31IL-16--![](t2.gif)0.7505− 1.31IL-17--![](t2.gif)0.07962.62IL-23--![](t2.gif)0.7397− 1.09IL-27--![](t2.gif)0.9475− 0.03IP-10CXCL10/CRG-2![](t6.gif)0.0286− 0.10I-TACCXCL11![](t3.gif)0.0369− 1.73KCCXCL1![](t7.gif)0.00181.24M-CSF--![](t2.gif)0.2288− 1.07JECCL2/MCP-1![](t1.gif)0.0032− 1.29MCP-5CCL12![](t2.gif)0.1902− 3.55MIGCXCL9![](t3.gif)0.0437− 1.49MIP-1aCCL3![](t1.gif)0.0063− 1.728MIP-1βCCL4![](t2.gif)0.59081.28MIP-2CXCL2![](t5.gif)0.000314.57RANTESCCL5![](t7.gif)0.00251.49SDF-1CXCL12![](t2.gif)0.1024− 1.23TARCCCL17![](t2.gif)0.0679− 1.09TIMP-1--![](t3.gif)0.0184− 1.13TNF-α--![](t2.gif)0.3625− 1.11TREM-1--![](t3.gif)0.0464− 2.85

4. Discussion {#s0070}
=============

This study investigated the effect of the secretome of static and flow activated osteocytes on skeletal muscle differentiation. We demonstrated that treatment with osteocyte conditioned media significantly inhibited C2C12 myogenic differentiation. The observed reductions in the expression of myogenic regulatory factors, across numerous time points, suggested that osteocyte conditioned media contains signalling molecules which inhibit myoblasts ability to differentiate into myofibers. This was confirmed with a significant reduction in the number of myofibers formed. Our findings were in stark contrast to work conducted by Mo et al. ([@bb0110]), who reported that conditioned media collected from the MLO-Y4 osteocyte cell line promoted myogenesis. Their study demonstrated increased levels of *Myogenin* and *Myod* following MLO-Y4 treatment. These contrasting results could derive from a number of experimental differences. Our study used the OCY454 cell line in a 3D cell culture system, which in contrast the MLO-Y4 cell line grown in 2D by Mo et al., has been shown to be a more faithful recapitulation of the characteristic osteocyte gene expression profile of osteocytes in vivo which in contrast to MLO-Y4 cells have high mRNA levels of *Sost* and *Dmp1* and no osteoblastic contamination as demonstrated by the lack of keratocan (osteoblast marker) expression ([@bb0140]).

Upon investigation into the osteocyte secretome, we identified a large number of common cytokines which have previously been shown to have roles in myogenic differentiation. For example, MIP-1a, significantly down regulated in our study, has been shown to greatly increase myoblast proliferative response ([@bb0155]). Collectively, these findings suggest that the static osteocyte secretome can signal to myoblasts via numerous signalling molecules, which has an overall inhibitory effect of the ability of myoblasts to differentiate into myofibers.

As osteocytes are a mechanosensitive cell our next aim was to investigate whether mechanically stimulated osteocytes had a different effect on C2C12 differentiation compared to static osteocytes. The precise level of sheer stress generated by physiological loading is a subject of ongoing research. Theoretical models have predicted sheer stresses of 0.8--3 Pa ([@bb0015], [@bb0145]). In this study, osteocytes were exposed to 0.2 Pa, significantly lower than previously predicted. We have previously observed classical loading responses, such as the downregulation of *Sost* mRNA, using this level of force ([@bb0140]). Furthermore, it is likely that the actual amount of force reaching the osteocyte cell body is lower still due to the inhomogeneity of the scaffold. This suggests that osteocytes may be even more sensitive to mechanical loading than previously predicted.

Myoblasts cultured in flow activated osteocyte conditioned media expressed significantly less *Mrf4* and *Myh1* compared to static osteocyte conditioned media. Similarly, flow activation of osteocytes arrested the increase at D1 and D3 in *Mrf4* mRNA expression that was observed in static osteocytes. Collectively, these findings suggest that osteocyte secretome under flow has a greater inhibitory capacity on C2C12 differentiation.

Flow activated osteocyte conditioned media displayed a vastly different secretory profile from static osteocyte conditioned media. Interestingly, many of these differentially expressed cytokines, which were significantly down regulated in this study by flow activation, have previously been demonstrated to play a role in myogenesis. Il-4 and Il-13 have been demonstrated to induce muscular hypertrophy by increasing the recruitment of reserve myoblasts for fusion to myofibers ([@bb0070]). Similarly, IL-1β is associated with an increase in the level of myogenic transcription factors *MyoD* and *Myogenin* at the onset of myofiber fusion ([@bb0065]). Il-10 and M-CSF promote a macrophage phenotype involved in the regeneration of atrophied muscle ([@bb0095], [@bb0025]) and MIG and MIP-1a promote myoblast proliferation ([@bb0045]) and early differentiation. Collectively these observations suggest that flow activation of osteocytes produces a resounding inhibitory effect on myogenesis, by reducing the expression of pro-myogenic cytokines and increasing the production of inhibitory myogenic cytokines.

We also observed that IL-6 expression increased and IFN-γ expression decreased in flow activated compared to static osteocyte conditioned media, however the meaning of this finding was harder to interpret because the roles of these cytokines in myogenesis remains unclear. It has been demonstrated in C2C12 myoblasts that IL-6 induces the activation of the Stat3 signalling and promotes the down regulation of the p90RSK/eEF2 and mTOR/p70S6K, resulting in inhibition of the myogenic program ([@bb0115]). However, IL-6 has also been demonstrated to play a role in promoting myogenic differentiation of mouse skeletal muscle cells by autocrine activation of STAT3 and Socs3 cascade ([@bb0065]). Similarly, IFN-γ has been shown to be both promote and inhibit myogenesis. Exogenous IFN-γ has been shown to influence the proliferation and differentiation of cultured myoblasts ([@bb0100]). However, IFN-γ has also been reported to inhibit myogenesis through a direct inhibition of myogenin ([@bb0105]) and inhibition of myoblast proliferation and fusion ([@bb0090]).

If we extrapolate our findings into a wider context, it appears as though we observed osteocytes simultaneously promoting osteogenesis (via mechanical stimulation) and inhibiting myogenesis. We demonstrated that CM from static osteocytes inhibited myogenesis and this effect is further increased when cells are exposed to mechanical forces (fluid flow). Our findings suggest that mechanically-stimulated osteocytes signal for bone production at the expense of muscle generation. Osteocytes, in response to loading, increase bone production by increasing osteoblast and decreasing osteoclast formation through SOST/sclerostin and RANKL respectively. Given that osteocytes producing inhibitory myogenic cytokines it appears as though molecules secreted by both static and activated osteocytes may either permeate the periosteum or move through the circulation to modulate myogenesis. Further studies need to be conducted to determine the extent to osteocytes, both static and flow activated, inhibit myogenesis, and if our in vitro observations translate to the in vivo setting. Furthermore, this study and the observed effects on skeletal muscles number and size, suggests that future studies should also examine the mTOR pathway which has been shown to be a crucial pathway for muscle hypertrophy ([@bb0005]).

5. Conclusion {#s0075}
=============

In summary, we have demonstrated that osteocytes inhibit myogenesis, with a specific affinity for late differentiation. We have also identified numerous cytokines present in the osteocyte secretome, which may begin to explain how osteocytes inhibit myogenesis. Our findings suggest that the underlying physiological mechanism that is at play is that when osteocytes sensing a load bearing dynamic environment they simultaneously signal for bone remodelling and inhibition of myogenesis by secreting numerous bone specific cytokines.

Appendix A. Supplementary data {#s0080}
==============================
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Supplementary data to this article can be found online at <http://dx.doi.org/10.1016/j.bonr.2017.02.007>.
